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Analysis of the human genome suggests novel genes created by retroposition may play an important
role in primate evolution. However, data from non-human primates is still scarce. A comprehensive
comparison was thus performed among four primate genomes (human, chimpanzee, orangutan,
and macaque), which detects elevated rates of retroposition in both the common ancestor of hom-
inoids and macaques. Further analysis shows approximately 10% of intact retrocopies may be under
positive selection and at least 4% of retrocopies become functional copies eventually. Moreover,
human intact retrocopies were found enriched in transcription-related functions. Collectively, these
ﬁndings emphasize the important contribution of retroposition to primate genome evolution.
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Recent studies have illustrated that the emergence of new
genes is fundamental to the evolution of lineage-speciﬁc traits
[1–4], and several molecular mechanisms regarding the origin of
new genes have been proposed [5]. As ﬁrst proposed by Ohno in
1970s [6], new functions could be derived through DNA-based
gene duplications. which has been extensively studied as a major
source of new genetic material [7]. A second form of new gene for-
mation is mRNA-based retroposition [8], where new intronless ret-
rocopies are generated by reverse transcription of mRNA and
integrated into random genomic regions [5,9]. These newly formed
retrocopies are normally non-functional (retropseudogenes) since
they lack regulatory elements. However, a growing number of
studies have demonstrated that retrocopies can evolve into func-
tional genes (retrogenes) by acquiring regulatory elements through
various ways [10–13] and have been shown to perform an impor-
tant role in a range of species, including humans [14–18], mice
[14], dogs [19,20], mosquitoes [21], and fruit ﬂies [12,13,22,23].
The increasing number of complete genomes provides an
unprecedented opportunity to study retropositions at a large scale.
Whole genome-scale studies have shown that a high rate of retro-
position during primate evolution [15,24,25], which may have
been inﬂuenced by L1 retrotransposable elements [26]. Otherstudies have also shown that there is an excess of X-linked parental
genes (genes which give rise to retrocopies) in both mammals and
ﬂies [13,14,22], a possible result of meiotic X chromosome inacti-
vation (XCI) [27]. However, it is still at the early stage to compare
the evolutionary pattern of retrocopies among primates at a
genome-wide scale [16,28], therefore a systematic comparative
study is desirable to leverage our knowledge on primate genome
evolution, lineage-speciﬁc adaptations, and ﬁne time scales of
genomic changes [29,30]. Thus, I exploited four fully sequenced
primate genomes, human (Homo sapiens) [31], chimpanzee (Pan
troglodytes) [32], orangutan (Pongo pygmaeus) [33], and macaque
(Macaca mulatta) [34]) to study the evolutionary pattern of
retropositions in primates.
2. Materials and methods
2.1. Retrocopy screen
Protein and genome sequences for human [31], chimpanzee
[32], orangutan [33], and macaque [34] were downloaded from
the Ensembl release 49 [35]. To identify retrocopies, a bioinfor-
matic pipeline was performed (Fig. 1). First, Ensembl proteomes
were compared against themselves by BLASTP [36] and potential
parent-retrocopy pairs were deﬁned when (i) one peptide (the
parental gene) has multiple exons, while the other (the retro-
copy) has only one exon; (ii) the aligned region covers >70%
Fig. 1. The ﬂowchart of the pipeline to identify intact retrocopies and retropseudogenes. Numbers showed in the ﬁgure are for the human genome.
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alignment has at least 50% similarity. Next, a modiﬁed tBLASTn-
based approach [15] was applied. Brieﬂy, peptide sequences
were aligned against the corresponding genome using tBLASTn,
and only matches with more than 50 amino acids in length,
>50% sequence identity, and >70% aligned length of the query
were retained. The parameters were chosen to keep consistent
with previous studies [14,15] to enable later comparisons. If
the aligned proportion of the query peptide contains at least
two exons, the corresponding genomic hit is denoted as a
potential retrocopy. Finally, results from both steps were
merged and intra-chromosomal retroposition events were
excluded to avoid possible false positives raised by tandem
duplications. When overlapping retrocopies were found, only
the longer was kept. If there were multiple potential parental
genes for a retrocopy, FASTA [37] was used to align them with
the retrocopy and the one with the highest alignment was re-
tained. To denote intact retrocopies which may be functional
retrogenes, an intact open read frame (ORF) was required with
intact start codon and stop codon, as well as absence of frame-
shift mutation or premature stop codon. Furthermore, intact
retrocopies must overlap with coding regions of Ensembl
annotated genes which are supported by expressed sequence
tags (www.ensembl.org). Retrocopies failed these criteria were
denoted as retropseudogenes.
2.2. Ortholog search
For each retrocopy, homologs were searched in two ways. First,
I identiﬁed ﬂanking genes for each retrocopy (two on each side)
and examined whether the orthologs of these ﬂanking genes were
also in synteny in other genomes. If these ﬂanking genes were in
synteny, then the genomic region between the ﬂanking gene
homologs was considered to be the orthologous region; BLASTn
was then performed against the homologous region using the ret-
rocopy as query with a cutoff of 104. A hit with >70% length and
>80% sequence identity with the query sequence was considered
to be the ortholog. For retrocopies whose homologs failed to be
identiﬁed by the previous way, the reciprocal best hit algorithm
was used to determine the ortholog.2.3. Test for accelerated rate of retroposition
A Poisson distribution is used to model the number of identiﬁed
retropositions in each age class (see results). A likelihood ratio test
was constructed to ﬁnd whether the rate of retroposition on a
given branch is signiﬁcantly different from others. The null hypoth-
esis assumes a constant rate (k0, number of retrocopies per million
years) for all branches, while the alternative hypothesis assumes
one rate (k1, number of retrocopies per million years) for a speci-
ﬁed branch and a background rate (k0) for all other branches. To
evaluate whether the Poisson model in the alternative scenario is
plausible, index of dispersion (the variance to mean ratio) was
calculated for the background branches in the alternative model
and all branches in the null model in humans and chimpanzees
respectively, and the values in alternative models (0.43 and 1.22
for human and chimpanzee) are much closer to 1 compared to
these in null models (9.93 and 9.37), suggesting the Poisson model
is a good ﬁt in the alternative model. Therefore the likelihood can
be calculated as follows:
Lnull ¼ Uni¼1
ek0Tðl0TiÞKi
Ki!
ð1Þ
Lalter ¼ Un
1j
i¼1
ek0Tðk0TiÞKi
Ki!
 !
ek1Tðk1TjÞKj
Kj!
ð2Þ
where Ti is the length (in million years) for branch i, Ki is the num-
ber of retrocopies generated on branch i. Thus twice the difference
between log (Lnull) and log (Lalter) is v2 distributed with one degree
of freedom, and P-value can then be calculated.
2.4. PAML analysis
Pairwise dS and dN/dS statistics for all identiﬁed retrocopies and
their parental genes were estimated using the YN00 program in
PAML [38]. To estimate dS and dN/dS on each branch, a parent-ret-
rocopy pair was aligned with the mouse homolog of the parent
gene, and the ‘‘free-ratio’’ model in the codeml program of PAML
was used. To test whether retrocopies evolve differently from their
parental genes, the ‘‘two-ratio’’ model in codeml with retrocopy set
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el. A branch-site model was used to test the positive selection on
retrocopies: M2a with a ﬁxed x2 = 1 was compared to M2a with
estimated x2, as suggested by the PAML manual. The P-value for
each test was adjusted by Bonferroni multiple test correction.
2.5. PANTHER analysis
Information of functional classiﬁcation of human protein-cod-
ing genes was downloaded from the Protein ANalysis THrough
Evolutionary Relationships Classiﬁcation System (PANTHER) data-
base (http://www.pantherdb.org/). Overrepresentation of a gene in
a category was tested by a Fisher’s exact test for each category.
2.6. Others
All statistical tests were performed using R (http://www.R-pro-
ject.org). Plots were made by ggplot2 [39].
3. Results
3.1. Dataset overview
In this study, I applied a comprehensive computational ap-
proach (Fig. 1) to search for retrocopies in four primate genomes,
and have identiﬁed 4097, 3452, 2994 and 3778 retrocopies in hu-
mans, chimpanzees, orangutans and macaques, respectively (Ta-
ble 1 and Supplementary ﬁle 1). Among them, 512, 488, 413 and
1177 have intact open reading frame (ORF) and are overlapped
with annotated genes. The number of human retrocopies is similar
to other studies [15,40]. Distributed on all chromosomes, retrocop-
ies overlapped approximately 2% of annotated genes in primates
(Table 1). Notably, the macaque genome has a higher ratio of intact
retrocopies compared to other species. However, the dN / dS ratio
showed the excess of intact retrocopies in macaque may simply re-
ﬂect mis-classiﬁcation of certain retropseudogenes as intact retro-
copies (Fig. 2). Therefore, macaque is excluded from analyses
regarding intact retrocopies.
3.2. Non-constant retroposition rate
Based on an accumulated synonymous substitution dS = 0.1,
several previous studies reported a burst of primate retroposition
around 38–50 million years ago (MYA), which spans the ancestral
catarrhini branch and the ancestral haplorrhini branch [15,24,25].
However, the assumption of a constant molecular clock is often
violated by heterogeneity in mutation rates or gene conversions
[41], and may lead to less accurate dating. Therefore I estimated
the age of each primate retrocopy by directly examining its pres-
ence or absence on the phylogenetic tree. To assess the accuracy
of this method, a pilot test was performed on 28 retrocopies (Sup-
plementary ﬁle 2) previously dated by PCR method [15], and 24 of
28 (86%) genes were assigned to the correct phylogenetic lineage,
implying that this method is robust. By this method, retrocopies
were divided into several age groups (Table 2): lineage-speciﬁcTable 1
Overview of retrocopies in four primate genomes.
Species # Retrocopy # Intact retrocopy (%) % Genea
Human 4097 512 (12.5) 2.3%
Chimpanzee 3452 488 (14.1) 2.5%
Orangutan 2994 413 (13.8) 2.2%
Macaque 3778 1177 (31.2) 5.6%
a The percentage of annotated genes that overlap with intact retropcies.(LS), shared by humans and chimps (HC), shared by humans,
chimps and orangutans (HCO), and shared by humans, chimps,
orangutans and macaques (HCOM). Retrocopies with ambiguous
phylogenetic information or present in both primates and rodents
were excluded, leading to 2950, 2508, 2055 and 2480 retrocopies
for human, chimpanzee, orangutan and macaque in this analysis
(Supplementary ﬁle 3). Since the exact calibration points in pri-
mate evolution is still under discussion, I used the time estimated
by www.timetree.org [42], which is the median value of multiple
studies that minimizes random variation in single studies or single
methods (Supplementary ﬁle 4), and is considered to be close to
the true time point. Using divergence time as 6.2 MYA for humans
and chimpanzees, 15.3 MYA for African apes and orangutans, 26.8
MYA for apes and the Old World monkeys, and 94.5 MYA for pri-
mates and rodents, I found that the rates of retroposition for each
group are generally homogenous among species, and the human
genome always has the highest rate, which may be attribute to
the largest number of human retrocopies due to a high-quality
genome. The result clearly demonstrated that along primate evolu-
tion, the rate of retroposition is not constant, with an elevation in
the common ancestor of great apes (P-value <5  1030 in humans,
chimpanzees, and orangutans, likelihood ratio test, d.f. = 1). It is
also observed that a recent slowdown of retroposition events in
chimpanzees and orangutans. In contrast, macaques show a second
elevation of retroposition rate after the split of the Old World mon-
keys and apes (P-value = 4.7  1076, likelihood ratio test, d.f. = 1).
3.3. Evolutionary analysis of retrocopies
The ratio of the non-synonymous substitution rate to the
synonymous substitution rate (x) is a widely used index for under-
standing evolutionary history of a gene. To study the evolutionary
pattern of retrocopies, pairwise x was estimated for each retro-
copy-parental gene pair by YN00 program in PAML, and different
patterns were found for intact retrocopies and retropseudogenes
(Fig. 2). The distribution of x for intact retrocopies centered at a
peak less than 0.5 for great apes, while the meanx for retropseud-
ogene pairs is between 0.5 and 1, which is in agreement with the
hypothesis that a majority of intact retrocopies are functional
and subject to selective constraints, and retropseudogenes are
evolving neutrally. Moreover, the clear separation between these
two sets also suggests that the intact retrocopy set is enriched
for true retrogenes.
Since retrocopies with functional relevance may subject to po-
sitive selection [15,43], branch speciﬁc x for each retrocopy and
its corresponding parental gene was estimated by adding mouse
homologs as the outgroup. Due to the difﬁculty in identifying
mouse homologs for some retrocopies, only a subset of retrocopies
was investigated here (Supplementary ﬁle 5). First, I tested
whether retrocopies evolve differently from their parental genes
by comparing the ‘‘one-ratio’’ model with the ‘‘two-ratio’’ model
in codeml. The result showed that approximately 20% intact retro-
copies were evolving signiﬁcantly faster than their parents after
multiple test correction, in comparison with 27% retropseudoge-
nes (Table 3). Since both the positive selection and the relaxation of
functional constraint could lead to the observed rapid evolution in
retrocopies, I next utilized the branch-site model test in codeml to
detect positive selection in retrocopies. This test compares the
alternative hypothesis that some sites are positively selected and
have x value larger than 1 against the null hypothesis that those
sites havex equal to 1. Approximately 25% intact retrocopies were
found under positive selection after Bonferroni correction (Table 4).
Since there are only three lineages used in the branch-site model,
the test may have limited power and could generate false positive
results. However, the proportion of positively selected retropseud-
ogenes could be a naïve estimate of the false discovery rate (FDR)
Fig. 2. The distribution of pairwise dN/dS ratio between retrocopies and their parental genes. Dashed lines represent retrogenes, and solid lines represent retropseudogenes.
A clearly bimodal pattern is observed for intact retrocopies in macaques, indicating possible contamination of retropseudogenes.
Table 2
Estimated rate of retropositions in four primate genomes.
HCOM (26.8, 94.5)a HCO (15.3, 26.8) HC (6.2, 15.3) LS (0, 6.2)
Human 26.7 (1730)b 64.1 (737) 33.6 (306) 28.5 (177)
Chimpanzee 22.5 (1508) 55.5 (638) 27.9 (254) 17.4 (108)
Orangutan 18.3 (1363) 47.0 (540) 9.9 (152)c
Macaque 19.8 (1343) 42.4 (1137)d
a The abbreviation for groups deﬁned in the text. HCOM: retrocopies shared by humans, chimps, orangutans and macaques; HCO: retrocopies shared by humans, chimps
and orangutans; HC: retrocopies shared by humans and chimps; LS: lineage-speciﬁc retrocopies. Estimated time period for each group is in the unit of million years ago
(MYA).
b Estimated rate of retropositions as the number of retrocopies per million years (MY).
c The time period is [0, 15.3].
d The time period is [0, 26.8].
Table 3
Comparison between one-ratio model and two-ratio model.
Species Intact retrocopy Retropseudogene
x0 >x1 (%)a x0 <x1 (%)b Totalc x0 >x1 (%) x0 <x1 (%) Total
Human 26 (23.6) 1 (0.9) 110 592 (29.2) 8 (0.4) 2028
Chimpanzee 23 (18.4) 2 (1.6) 125 468 (27.7) 7 (0.4) 1691
Orangutan 22 (22.9) 1 (1.0) 96 333 (24.0) 5 (0.4) 1389
a Retrocopy-parent pair with a signiﬁcant LRT P-value and has a higher dN/dS on the retrocopy branch (x0) compared to the parent branch (x1).
b Retrocopy-parent pair with a signiﬁcant LRT P-value and has a lower dN/dS on the retrocopy branch (x0) compared to the parent branch (x1).
c The total number of retrocopy-parent-outgroup trio used.
Table 4
Detection of positive selection using branch-site model in PAML.
Species Intact retrocopy Retropseudogene P-valuec
Sig (%)a Totalb Sig (%) Total
Human 26 (23.6) 110 275 (13.6) 2028 <0.01
Chimp 24 (19.2) 125 219 (13.0) 1691 <0.05
Orangutan 29 (30.2) 96 195 (14.0) 1389 <0.001
a Retrocopy-parent pair with a signiﬁcant LRT P-value.
b The total number of retrocopy-parent-outgroup trio used.
c The statistical difference of the proportion of positively selected genes between
intact retrocopy and retropseudogenes. P-value is calculated by Fisher’s Exact Test.
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the same analysis on the retropseudogene set and found 14% ret-
ropseudogenes under positive selection, which was utilized as the
FDR. After correcting the FDR, the result suggests there may be
more than 10% intact retrocopies showing signals of positive
selection.
3.4. Rate of retrocopies becoming functional
Newly derived retrocopies generally lack regulatory elements
and are considered ‘‘dead on arrival’’ [24,44–46]. But the ﬁnding
3504 Q. Zhang / FEBS Letters 587 (2013) 3500–3507of retrogenes suggests retrocopies can become functional. Thus
one question of speciﬁc interest is the proportion of retrocopies
that become functional. To obtain a conservative estimate of the
ratio of retrogene to retrocopy, potential functional retrogenes
were deﬁned as intact retrocopies under selective constraint
(x < 0.5). It should also be notiﬁed that the retrocopy screening
method is based on sequence similarity, which has limited power
to detect old retrocopies, especially non-functional ones. Addition-
ally, sequence saturation could also be a problem in identifying old
retrocopies, and a comparison between human and chicken genes
showed 80% of genes are saturated, with a divergence time about
300 million years. Therefore, the ratio was calculated for different
dS values (Fig. 3). As expected, old retrocopies have higher retro-
gene/retrocopy ratio than young retrocopies, probably due to a
slower decay of sequence similarity for functional retrogenes. Ret-
rocopies with dS 6 0.6 (300 MYA assuming the substitution rate
micron for synonymous sites is 109 per site per year [47]) showed
a relatively constant ratio, which indicates few bias in identifying
retrogenes and retropseudogenes introduced by sequence satura-
tion or similarity decay. Therefore, estimate based on retrocopies
within 300 million years suggest that approximately 4%, or one
of every 25 retrocopies eventually became functional.
3.5. Functional analysis of intact retrocopies
Finally, the functional relevance of intact retrocopies was inves-
tigated by using the PATHER annotation database. Due to data
availability, analyses were only performed for humans. In terms
of molecular function, three transcriptional factor-related catego-
ries (the KRAB box transcription factor, Zinc ﬁnger transcription
factor, and Transcription factor, Table 5) are most signiﬁcantly
enriched after Bonferroni multiple test correction. Several other
categories (e.g., ribosomal proteins, nucleic acid binding, and
histones) are also enriched in intact retrocopies. Since it is possible
that the enrichment could simply reﬂect the enrichment of paren-
tal genes, I further studied the functional classiﬁcation of the
parental genes. Of the ten enriched categories, only the three tran-
scriptional factor categories cannot be explained by enriched
parental genes (P-value <106, chi-squared test), indicating that
intact retrocopies related to transcriptional regulation are
preferentially enriched. For biological processes, twoFig. 3. The proportion of potential retrogenes in retrocopies. The potential retrogenes w
retrogenes/retropseudogene was showed across different ages. Ages were divided into bi
corresponds 300 million years ago (MYA). The table underneath presents the abso
(retropseudogenes). It should also be noted that the ratio only represents a minimal esttranscription-related categories (mRNA transcription regulation
and mRNA transcription), as well as two additional categories (cell
proliferation and differentiation, and nucleotide and nucleic acid
metabolism), were signiﬁcantly enriched for intact retrocopies
after multiple test correction and parental enrichment correction.
Although it cannot be directly distinguished whether selective or
mutational forces cause the enriched functions, mechanistic
changes of gene regulation have been hypothesized to play a cen-
tral role in mammalian evolution [48,49], and evidence of natural
selection in regulatory elements accumulates rapidly [50–54].
Therefore the enrichment of transcriptional regulation in intact
retrocopies may be adaptive.
4. Discussion
The functional importance of newly emerged genes have been
increasingly recognized in last two decades, as a major contributor
to adaptive evolution [10], such as human brain development [55],
dog chondrodysplasia [19], mouse amyloid plaque resistance [56],
and drosophila male-speciﬁc functions [12]. RNA-based retroposi-
tions have produced abundant retrocopies across mammalian
genomes, hence presenting raw materials for evolution of novel-
ties. In this study, I have performed a comprehensive survey of four
primate genomes, and have identiﬁed approximately 3000–4000
retrocopies in each species. The number of human retropseudoge-
nes identiﬁed here (3585) is smaller than other public databases,
such as 8780 in release 68 of pseudogene.org, or 7849 in RCPedia
[57] because different parameters were used. For example, method
in this study requires > 70% query length, >50% sequence similarity
and > 50 amino acids in the aligned region, and inter-chromosomal
movement, but the method used in pseudogene.org requires >70%
query length coverage and BLAST matches with E-val-
ues < 104[24], while the method used in RCPedia has none of
the above requirements [18]. Moreover, changes in annotation also
account for some differences in the number of retrocopies. Since
the underrepresented retropseudogenes in this study may be
evolutionary old or unreliable (<50% sequence similarity or <50
amino amids in the alignment), excluding them should have little
impact on the analysis of retroposition rate, which only considers
primate-speciﬁc retrocopies. Additionally, using these pseudo-
genes may cause uncertainty in sequence alignment and furtherere deﬁned as intact retrocopies under selective constraint (x < 0.5). The ratio of
ns with dS = 0.2. An increase of ratio is observed in bins with dS > 0.6, which roughly
lute number of retrocopies in each dS category, in the form of (retrogenes)/
imate due to the stringent parameters used to deﬁne potential retrogenes.
Table 5
Functional category enrichment analysis using PANTHER classiﬁcation.
Category # Ensembl gene # Retrogene P-valuea # Parentb P-value R/P P-valuec
Molecular function
KRAB box transcription factor 664 73 <0.001⁄⁄⁄ 6 n.s. <0.001⁄⁄⁄
Zinc ﬁnger transcription factor 1127 76 <0.001⁄⁄⁄ 8 n.s. <0.001⁄⁄⁄
Transcription factor 2892 90 <0.001⁄⁄⁄ 23 n.s. <0.001⁄⁄⁄
Ribosomal protein 469 30 <0.001⁄⁄⁄ 71 <0.001⁄⁄⁄ n.s.
Nucleic acid binding 4478 92 <0.001⁄⁄⁄ 123 <0.001⁄⁄⁄ n.s.
Histone 512 21 <0.01⁄⁄ 8 n.s. n.s.
Isomerase 227 13 <0.01⁄⁄ 10 n.s. n.s.
Small GTPase 317 14 <0.05⁄ 13 <0.05⁄ n.s.
Other isomerase 106 8 <0.05⁄ 4 n.s. n.s.
Biological process
Cell proliferation and differentiation 1461 54 <0.001⁄⁄⁄ 19 n.s. n.s.
mRNA transcription regulation 2037 65 <0.001⁄⁄⁄ 19 n.s. <0.01⁄⁄
Nucleotide and nucleic acid metabolism 5595 123 <0.001⁄⁄⁄ 61 n.s. n.s.
mRNA transcription 2775 71 <0.001⁄⁄⁄ 26 n.s. 0.05
Protein biosynthesis 625 27 <0.001⁄⁄⁄ 76 <0.001⁄⁄⁄ n.s.
Nuclear transport 159 12 <0.001⁄⁄⁄ 4 n.s. n.s.
Protein folding 240 14 <0.001⁄⁄⁄ 14 <0.001⁄⁄⁄ n.s.
Intracellular protein trafﬁc 1558 36 <0.05⁄ 28 n.s. n.s.
Chromatin packaging and remodeling 730 21 <0.05⁄ 8 n.s. n.s.
mRNA processing 415 15 <0.05⁄ 10 n.s. n.s.
a Fisher’s exact test is conducted to test the enrichment of a functional category. P-value is reported after multiple test correction.
b Number of parental genes.
c Fisher’s exact test is conducted to test the enrichment of a functional category for intact retrocopies by comparing to parental genes. P-value is reported after multiple test
correction.
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and length, thus discarding them in the analyses should give more
reliable result than using them. It should also be noted that a ﬁlter
of selective constraint (x < 0.5 between the parental genes and in-
tact retrocopies) has been applied in some studies [58]. However,
this ﬁlter may be too stringent too miss true retrogenes such as
PIPSL[59], TMEM183A or c1orf37[43], GMCL2, NACA2 and PABP3[15]
with x > 1. Therefore it is not used in this study and three of the
ﬁve positively selected genes (PIPSL, NACA2 and PABP3) were also
discovered here. Furthermore, it should be kept in mind that result
presented is a minimum estimate of total retrocopies, as retrocop-
ies formed a long time ago may be undetectable due to extreme se-
quence divergence. Incomplete genome annotations may also
reduce the number of retrocopies that can be found.
Results from both this study and previous studies [4,15] indi-
cated that retroposons were more active during some periods dur-
ing primate evolution. Estimates based on the rate of synonymous
change suggested the period is approximately 38–50 MYA [15,25].
Nonetheless, an evolutionary analysis of long interspersed nuclear
element 1 families (LINE-1), which are important retroposons in
primates, demonstrated that the four most active LINE-1 (L1) fam-
ilies have been extensively ampliﬁed between 40 and 12 MYA
[60]. Since the heterogeneity in mutation rate could result in
biased estimate, a phylogeny-based dating method was applied,
along with calibration points estimated from multiple studies
and methods. The result showed clear evidence for a burst of ret-
roposition rate in the common ancestor of apes, which is more
consistent with the estimated ampliﬁcation burst from the L1
families [60]. Nevertheless, it could not be completely excluded
the impact of uncertainty in calibration point estimates, and a
more accurate estimate of speciation time would help conﬁrm
the ﬁnding here. Additionally, the second burst of retropositions
in the macaque genome could be the result of abundant active
L1 elements, for instance, 19,000 L1 elements speciﬁc ton the
macaque genome [61], though it should also be kept in mind that
macaques have shorter generation time compared to apes, the
large number of macaque-speciﬁc retrocopies may reﬂect the gen-
eration time effect.It has been long thought that mRNA-based duplicates were just
junk DNA and subject to pseudogenization and decay, as they often
lack regulatory elements. However, several peculiar properties
make a retrocopy, if it becomes active fortuitously, more likely to
evolve novel functions compared to DNA-based duplicates [9,62].
First, promoter regions from parental genes are often lost in retrog-
enes, and the recruitment of new regulatory elements may evolve
new function sin retrogenes. Second, retrogenes inserted into
existing coding regions change the host gene structure drastically
and may result in novel functions. Third, newly derived retrogenes
are usually located on different chromosomes from their parents,
and may have spatially and temporally distinguished expression
pattern. Thus, new genes derived through retroposition provide
important source for species-speciﬁc adaptations. The ﬁndings that
approximately 10% of potentially functional retrocopies are under
positive selection and their enrichment in transcription-related
functions may further highlight the important role of retroposition
in primate evolution.
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